For thousands of years, magnetic phenomena as certainly one of the fundamental properties of matter have exercised a remarkable grip on human imagination. One of the most interesting aspects of magnetic materials in modern times is that the observation of unusual properties derived from macroscopic quantum tunneling of magnetization (QTMs)[@b1]. Due to Heisenberg\'s uncertainty relation, the quantum mechanical counterparts can show fundamentally different behavior: the present quantum fluctuations may be strong enough to drive a transition from one phase to another, bringing about a macroscopic property change[@b2][@b3][@b4]. Because of the stem from their importance for understanding materials with unconventional properties, the QTMs has continued to attract widespread theoretical and experimental attention[@b5][@b6]. However, observation of the quantum behavior of a macroscopic variable has remained a challenging problem: the extensively presented interest in QTMs of magnetic materials has stemmed largely from studies of molecular magnets[@b7][@b8][@b9], which is difficult in development because of the problem in the design of prerequisite genuine three-dimensional connected lattices in molecular magnets[@b10].

In contrast to molecular magnets with very complex structures, artificial nanoscale systems could offer a new and simple means of observing and understanding QTMs[@b11]. Taking ferromagnetic compound as example, one of the most interesting aspects of the behavior of a ferromagnetic material is the fact that the superparamagnetic (SP) appears when its size decreases to a critical value. Such behavior may have important consequences in determining the lifetime of magnetic information storage when using nanoscale magnets[@b12][@b13]. While the classically thermal-assisted SP should be blocked because the thermal fluctuation of the random spin orientation is frozen and causing a long-range magnetic order as temperature decreases. That is to say, the SP disappear when the thermal energy cannot overcome the magnetic energy barrier. If the size further reduces to small enough, the QTMs take place as temperature further decreases: dramatic increase in surface to volume ratio causes strong surface anisotropic field, which provides channels for quantum tunneling between spin-glass and quantum paramagnet, thus one can re-observe the SP state even when the thermal energy is smaller than the barrier height and denote as QSP[@b14][@b15] offers a very exciting possibility for computers using mesoscopic magnets for memory[@b16]. Magnetic quantum tunneling in quantum dots is of fundamental importance, not only for potential information and computation application but also because it presents possibility to deal experimentally with a single quantum object of mesoscopic size. Moreover, owing to the nanometric confinement of the electrons, quantum dots display relatively high energy scales that allow the observation of interesting QTMs phenomena at accessible temperatures, rather than absolute zero temperature[@b11]. Many recent observation of QTMs in iron-based compounds nanoparticles have shown that the crossover temperature beyond absolute zero temperature, which indicate that the QTMs does not necessarily have to be in the vicinity of absolute zero temperature (seen in [Table 1](#t1){ref-type="table"}). However, it is still high temperature limited. Thus, it is necessarily to search new and simple system for understanding the difference between theoretical predictions and experimental observation, e.g. the QTMs does not take place at absolute zero temperature, and if can we obtain materials with even higher crossover temperature of QTMs.

Vanadium oxides, as typical transition metal oxides, have attracted extensive attention for their unique electrical properties due to the prolific valence state of vanadium ion[@b23]. It is interesting that almost all of the binary vanadium oxides can be expressed as a simple formula: V~n~O~2n-1~ (n is a integer ≥ 1) or V~n~O~2n+1~ (n is a integer ≥ 2)[@b24], while, it is exception for V~3~O~4~, because of the lack of an identified integer to conform above simple formula. In fact, V~3~O~4~ crystallized in cubic lattice with constants *a* = 8.457 Å is an isomorphism of Fe~3~O~4~ ([Figure 1a](#f1){ref-type="fig"}), which has inverse spinel structure of AB~2~O~4~[@b25]. In this structure, the octahedral six-coordinated B sites, twice as abundant as the A sites, are equally occupied by V^3+^ and V^2+^, whereas the tetrahedral four-coordinated A sites are occupied by the remaining V^3+^. The most prominent and interest feature of this structure is the presence of a half-metallic state due to the spin state of different site vanadium ions. The first-principles density functional theory (DFT) calculation results indicate that V~3~O~4~ is also of half-metallic feature: the calculated density of states (DOS) curves of the spin-down states show a broad band gap, whereas the curves of the spin-up states exhibit gapless which are actually originated from the 3d states of V^3+^ and V^2+^ locating at B sites ([Figure 1b, c](#f1){ref-type="fig"}). This half-metallic state due to the spin-up and spin-down levels of vanadium ions existing at the Fermi level may leads to efficient ferromagnetic *p*-*d* exchange, thus, one may expect to observe the potential QTMs from long-range order ferromagnetism to QSP[@b26][@b27]. On the other hand, due to the different strength of spin-orbital coupling in vanadium ions compared to the other conventionally considered transition metal ions (*e.g.* iron, cobalt or nickel, of which most possess more than five *d* electrons), it is reasonably expected that the V~3~O~4~ quantum dots should behave different magnetic properties compared to those conventional iron-based spinel compounds, such as crossover temperature of QTMs.

Herein, we first put forward the half-metallic V~3~O~4~ quantum dots as a promising and simple candidate for the investigation of QTMs. The ultramall V~3~O~4~ quantum dots with average size of 4.8 nm was first successfully synthesized through a simple solvothermal method. As expected, due to the ferromagnetic *p*-*d* exchange deriving from the spin-up and spin-down states of different sites\' vanadium ions, the superparamagnetic state was observed when the size of ferromagnetic bulk reduce to below critical size at room temperature. The clear-cut evidences in temperature dependent magnetization, magnetic relaxation and EPR confirmed that the SP state was blocked as the temperature decreases to 32 K, while was re-observed below 16 K due to the quantum tunneling. This quantum criticality temperature of QTMs, 16 K, is much higher than that of Fe based compounds. More importantly, it is undoubtedly that the new ultrasmall quantum dots, V~3~O~4~, offer not only a promising candidate for theoretical understanding of QTMs but also a very exciting possibility for computers using mesoscopic magnets for memory.

Results
=======

Inspired by the above structural and electronic band structure analysis, we synthesized ultrasmall V~3~O~4~ quantum dots through a simple solvothermal method for the first time. The phase purity and crystal structure of the as-prepared products were examined by XRD and the results are shown in [Figure 2a](#f2){ref-type="fig"}. The XRD pattern of V~3~O~4~ quantum dots match well with the standard cubic V~3~O~4~ (space group: Fd-3m) with lattice constants *a* = 8.457 Å, (JCPDS 34-0615). Slight peak broadening of the XRD peaks of V~3~O~4~ nanoparticles was primarily due to the small size of V~3~O~4~ nanoparticles. The direct information for the valence state of the as-prepared products can be provided by the analysis of the surface molecular and electronic structure of the products by XPS, which are shown in [Figure 2b](#f2){ref-type="fig"}. The binding energies of O~1S~ at 530.3 eV can be assigned to the O^2−^ [@b28]. The high-resolution XPS for the V~2p~ region shows that there are two contributions here: the core level at 523.0 eV and 515.3 eV are attributed to the spin-orbit splitting of the components, V~2p3/2~ and V~2p1/2~, which is in agreement with the literature values for V^3+^, while the core level at 521.4 eV and 514.1 eV with the minor V signal assigned to V^2+^ [@b29]. Taking into account the atomic sensitivity factors of V and O, the atomic ratio of V/O is approximately 3:4 according to quantification of the peak areas of V 2p and O 1s. No peaks of other impurity and elements are observed in XRD pattern and XPS survey spectrum, indicating the high purity of the as-prepared V~3~O~4~ quantum dots. The size and shape of as-obtained V~3~O~4~ quantum dots was examined by TEM and HRTEM. As shown in [Figure 2c](#f2){ref-type="fig"}, we can see the V~3~O~4~ quantum dots sized in an average diameter of 4.8 nm with nearly spherical shapes. The TEM images also display the particle size distributions (see the insert of [Figure 2c](#f2){ref-type="fig"}). The HRTEM images ([Figure 2d](#f2){ref-type="fig"}) of one individual nanocrystal indicated the distances between the adjacent lattice fringes to be 2.52 Å which corresponds with the lattice spacing of the (311) *d*-spacing for cubic V~3~O~4~ (2.548 Å, JCPDS 34-0615).

Temperature dependence of zero-field-cooled (ZFC) magnetization, field-cooled (FC) magnetization and magnetic field dependence of magnetization (M-H) curves were carried out to study the magnetic property of the ultrasmall V~3~O~4~ quantum dots, which were measured with a superconducting quantum interference device (SQUID) magnetometer. [Figure 3a](#f3){ref-type="fig"} shows the variation of the magnetization as a function of temperature under field-cooled (FC) and zero-field-cooled (ZFC) conditions with applied magnetic fields of 200 Oe. The observed blocking temperature (T~B~) deduced from ZFC measurements is 32 K. More interesting, another transition at lower temperature was also observed: ZFC magnetization decreases as the temperature rises from 4 K, reaches a minimum near temperature T~C~ of 16 K, and starts increasing from this point to the blocking temperature T~B~ at 32 K. This remarkable transition point gives a clear-cut evidence of QTMs from magnetic long-range order to QSP state in V~3~O~4~ quantum dots at 16 K. Further evidence of the crossover temperature of QTMs at 16 K producing the anomalous magnetization behavior can be observed by inspection of the reciprocal susceptibility χ^−1^ for V~3~O~4~ quantum dots (insert of [Figure 3a](#f3){ref-type="fig"}). The linear curve characterized with 1/T dependence in reciprocal susceptibility χ^−1^ as a reflection also clearly shows the QSP behavior of V~3~O~4~ quantum dots below 16 K. It is worth to underlining that this quantum critical temperature at 16 K with QSP state as a high temperature signature of QTMs is much higher than that of conventional iron-based compounds, which should derive from the strong L-S coupling of octahedral sites\' V^3+^ ions in V~3~O~4~. [Figure 3b](#f3){ref-type="fig"} shows the magnetic-field dependence of magnetization (*M* *vs* *H*) at 300 K and 4 K for as-prepared V~3~O~4~ quantum dots after subtracting the paramagnetic background from the raw data. At room temperature, the negligible remnant magnetization and coercivity in hysteresis loops indicate that the V~3~O~4~ quantum dots behave as SP.

As well known, the magnetic behavior of a small particle depends on its relaxation time. In a real system of small particles, when a magnetic field, orienting the moments of identical particles, is removed, the time dependence of the magnetic moment of the system is governed by the logarithmic law[@b19]: here *S*(*T*) is the magnetic viscosity, *t*~0~ is an arbitrary time after changing the field, is the average energy barrier, *k*~B~ the Boltzmann constant and T is the absolute temperature. At the thermally activated regime, T~C~\<T\<T~B~, *S* is proportional to T, and at the quantum-tunneling-dominated regime T\<T~C~, *S* = const. Thus, a fundamental understanding to the dynamic behavior of the magnetization vector of small particles during the QTMs can be obtained through the magnetic relaxation measurement. In this study, the magnetic relaxation experiments were performed in following procedures: first the V~3~O~4~ quantum dots sample was cooled in an applied field *H*~1~ = 200 Oe to a target temperature, after which the applied field was changed to *H*~2~ = −200 Oe, then the change of remnant magnetization with time was measured for a few hours. After this measurement, the sample was cooled to lower temperature with applied field *H*~1~ and then the applied field was changed to *H*~2~ for other relaxation measurements. In [Figure 3c](#f3){ref-type="fig"}, we plot the magnetization versus logarithmic time (*M*(*t*)/*M*(*t*~0~) \~ ln(*t*/*t*~0~), with *t*~0~ = 1s) obtained in the relaxation measurements, at different sample temperatures. The best fitting to the time dependence of the magnetization is the logarithmic time law (Eq. (1)). The magnetic viscosity *S*(*T*) can be extracted from the relaxation data. As shown in [Figure 3d](#f3){ref-type="fig"}, it is clear that between 32 and 16 K, the viscosity changes linearly with temperature, which corresponds to the thermally activated relaxation of the magnetization. While the viscosity begins to be temperature independent at temperature below 16 K, which is the signature of quantum tunneling of magnetization and in agreement with the result of ZFC measurement.

Further insight into the QTMs requires investigation of the electron spin resonance (ESR) measurement for the quantum dots sample. The temperature-dependent ESR spectra of V~3~O~4~ quantum dots from 6 to 300 K are specified by curves as shown in [Figure 4](#f4){ref-type="fig"}. Although the dominant resonance positions for the ESR do not shift probably as the temperature decrease from 300 to 6 K, a clear variation of the ESR occurs in low field at the temperature below 40 K. A broad resonance feature at low field, which usually is a signal of ferromagnetism, appears at 32 K and disappears at 16 K, which is consistent with the results of ZFC and magnetic relaxation experiments: as temperature decreases, the QTMs causing transition from long-range order to QSP at 16 K in V~3~O~4~ quantum dots. The temperature-dependent peak-to-peak linewidth (shown in [Figure 4c](#f4){ref-type="fig"}) also clearly reflects the QTMs. The anomalous linewidth broadening below 16 K is indicative of a magnetic phase transition within the sample and has been interpreted as a QTMs behavior for ferrous oxides at the nanoscale[@b27][@b30]. In fact, the presence of a half-metallic state due to the spin-up and spin-down levels of vanadium ions existing at the Fermi level (see in [Figure 1](#f1){ref-type="fig"}) should lead to efficient ferromagnetic *p*-*d* exchange. At high temperature (T\>32 K), the thermal activation energy can overcome the barrier, and thus the nanoparticles behave as a single magnetic domain, exhibiting SP behavior, whereas at temperature below the blocking temperature 32 K, the p-d exchange becomes stronger and results in the ferromagnetism. As the temperature further decreases to below 16 K, the strong surface anisotropic field provides the quantum tunneling and results in the QTMs from ferromagnetism to QSP.

Discussions
===========

As described in the above experimental results, clear-cut evidences in temperature-dependent magnetization, magnetic relaxation and EPR all confirmed that the SP state was blocked as the temperature decreases to 32 K, while was re-observed below 16 K due to the QTMs. It is worth noting that the QTMs temperature of V~3~O~4~ quantum dots is much higher than those of conventional iron-based spinel compounds. It is well known that the temperature of QTMs from blocked SP state to QSP state is proportional to the anisotropy energy of nanoparticles[@b15], which is determined by the strength of spin-orbital coupling according to the Stoner-Wohlfarth theory for single-domain nanoparticle[@b31]. In this study, It is found that the *d* electrons of vanadium ions display the configurations t~2g~^2^e~g~^0^, t~2g~^3^e~g~^0^ and e^2^t~2~^0^ at the octahedral, octahedral and tetrahedral lattice sites for V^3+^, V^2+^ and V^3+^ ions, respectively (see in [Figure 1c](#f1){ref-type="fig"}). As a result, the coupling between the electron spin and the angular momentum of its orbital (L-S coupling) should only derive from the octahedral sites\' V^3+^ ions with a multiplet ground state of ^3^T~1g~. While for others iron based spinel compounds, the Fe^3+^ ions occupy the octahedral sites with ^6^A~1g~, and the others transition metals occupy tetrahedral lattice sites, which usually result in ground state A or E, such as ^5^E for Fe^2+^ and ^4^A~2~ for Co^2+^. Because the angular momentum is quenched in these ground states of A and E, V~3~O~4~ should exhibit stronger L-S coupling compared to that of the other transition metal iron based spinel compounds, which may result larger anisotropy energy. Thus, higher QTMs temperature of V~3~O~4~ quantum dots compared to those iron based compounds was observed in this study.

In summary, ultrasmall V~3~O~4~ quantum dots were successfully synthesized through a facile solvothermal method, and its magnetic property was systematically investigated for the first time. The QSP state as a high temperature signature of QTMs is firstly observed in V~3~O~4~ quantum dots, which is much higher than that of conventional iron-based compounds. We conclude that the spin-orbital coupling resulting in the high anisotropy energy should contribute to the high crossover temperature of QTMs, which established the direct correlation between spin-orbital coupling with the temperature of quantum tunneling of magnetization. This intriguing observation enables the ultrasmall half-metallic V~3~O~4~ quantum dots not only a simple promising candidate for the investigation of QTMs but also a very exciting possibility for computers using mesoscopic magnets for memory.

Methods
=======

Synthesis of V~3~O~4~ quantum dots
----------------------------------

All chemicals were of analytic grade purity obtained from Sinopharm Chemical Reagent Co., Ltd and used as received without further purification. V~3~O~4~ quantum dots were synthesized through a simple solvothermal method. Briefly, 0.6 mmol vanadium acetylacetonate were added into 25 ml oleylamine in a 50.0 mL flask. In order to dissolve the mixture, the suspension solution was heated to 100°C under magnetically stirred. After the mixture was completely dissolved, the black solution was sealed in a 40 ml autoclave and heated at the temperature of 220°C for 20 h. The system was then allowed to cool to room temperature. The final V~3~O~4~ samples were separated from the resulting solution by centrifuging and washed several times with ethanol and cyclohexane to remove any possible ionic remnants, then dried in a vacuum at 60°C.

Characterization
----------------

The structure of these obtained samples was characterized with the X-ray diffraction (XRD) pattern, which was recorded on a Rigaku Dmax diffraction system using a Cu Kα source (λ = 1.54187 Å). X-ray photoelectron spectroscopy (XPS) measurements were performed on a VGESCALAB MK II X-ray photoelectron spectrometer with an excitation source of Mg Kα = 1253.6 eV. High-resolution transmission electron microscopy (HRTEM) images were performed on JEOL-2010 transmission electron microscope at 200 kV. The magnetic measurement was carried out with a superconducting quantum interference device magnetometer (Quantum Design MPMS XL-7). The temperature-dependent EPR measurement of the powder sample was performed using a Bruker EMX plus model spectrometer operating at X-band frequencies (9.4 GHz) at different temperatures.

Calculations
------------

All calculations were performed using density functional theory as implemented in the Vienna ab initio simulation program (VASP)[@b32]. The LSDA plus on-site Coulomb interaction U scheme was adopted to treat the electron-electron correlation[@b33]. The plane-wave cut-off energy was set to 550 eV. We had tested different U values, but all calculations resulted in the same half-metal ferromagnetic ground state for V~3~O~4~. Here we reported only the results of U = 4.5 eV.
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![Schematic representation of the crystal and electronic structure for V~3~O~4~.\
(a) Unit cell of V~3~O~4~; (b) The calculated DOSs of the V~3~O~4~. The DOSs above zero are corresponding to the spin-up states, and the other to the spin-down states; (c) Schematic spin structure of V^3+^ and V^2+^ in octahedral and tetrahedron sites, respectively.](srep00755-f1){#f1}

![Characterization of as-obtained ultrasmall V~3~O~4~ quantum dots.\
(a) XRD pattern, (b) XPS spectrum, (c) TEM image, and (d) HRTEM image for as-prepared V~3~O~4~ quantum dots.](srep00755-f2){#f2}

![Magnetic properties for as-obtained V~3~O~4~ quantum dots.\
(a) Magnetization versus temperature for field cooled (FC) and zero-field-cooled (ZFC) measurements. The blocking temperature (T~B~) and the critical phase transition temperature (T~C~) are indicated on the ZFC data set. Inset represent the variation in inverse magnetization with temperature; (b) Magnetization as a function of field for V~3~O~4~ quantum dots at 300 and 4 K and inset of the hysteresis behavior; (c) Magnetization vs logarithm of time obtained in the relaxation measurements; (d) Magnetic viscosity extracted from the relaxation data as a function of temperature for the V~3~O~4~ quantum dots.](srep00755-f3){#f3}

![Temperature-dependent ESR for V~3~O~4~ quantum dots.\
(a) The temperature-dependent ESR spectra for V~3~O~4~ measured at various temperatures from 4 to 300 K; (b) Magnified ESR spectra at field range of 0 to 2000 Gauss for V~3~O~4~ quantum dots; (c) Plot of linewidth of the ESR spectra as a function of temperature.](srep00755-f4){#f4}

###### Summary of the blocking (*T*~B~) and crossover temperature (*T*~C~) for some nanomaterials

  Materials                    Average Size (nm)   T~B~ (K)   T~C~ (K)    Ref.
  --------------------------- ------------------- ---------- ---------- --------
  γ-Fe~2~O~3~                          5             220        2.2      [@b17]
  FeC                                 3.6             20         1       [@b18]
  CoFe~2~O~4~ (in water)               3             170        2.5      [@b19]
  CoFe~2~O~4~ (in silicate)            3             170         5       [@b19]
  FeOOH                                3              47         7       [@b20]
  NiFe~2~O~4~                          7             170         2       [@b21]
  ferritin                             8              13        2.1      [@b22]
